The application of the polymerase chain reaction DNA amplification technique to the detection and typing of isolates of maize streak virus (MSV) and other related geminiviruses of grasses is described. The oligonucleotide primers used for amplification were 17-mers which contained a number of degeneracies. An approximately 250 base pair fragment was amplified from all geminivirus-infected grass and cereal samples tested. The amplification reaction was specific, working down to a concentration of 50 fg/ml of MSV-specific plasmid-cloned DNA and with a 10 -9 dilution of MSVinfected maize DNA extract. DNA could also be amplified from distantly related geminiviruses, including two different sugarcane viruses, digitaria streak virus and another as yet uncharacterized virus of a Panicum sp. Amplified DNA from a Mauritian sugarcane isolate (SSV-M) was cloned and sequenced. Sequence comparison and phylogenetic analysis showed that this sequence differed sufficiently from the analogous region of other geminiviruses for SSV-M to be considered a distinct virus. The use of the polymerase chain reaction for the amplification of gemini-and other virus genomes or genomic fragments for typing, mapping, phylogenetic analysis and taxonomy is discussed.
Introduction
The geminivirus taxonomic group of plant viruses is characterized by geminate particles and genomes consisting of single-stranded circular DNA (sscDNA) molecules of about 2-5 to 2.8 kb in size (Goodman, 1981 ; Lazarowitz, 1987) . There are currently two subgroups recognized by the International Committee on Taxonomy of Viruses (ICTV): subgroup I viruses have singlecomponent, sscDNA genomes of about 2-7 kb, mainly infect monocotyledonous plants and are obligately leafhopper-transmitted; subgroup II viruses have twocomponent genomes, infect dicotyledonous plants and are transmitted mechanically and by the whitefly Bemisia tabaci (ICTV Group Descriptions, 1989; G. P. Martelli, personal communication) . The two subgroups are distantly evolutionarily related (Howarth & Vandemark, 1989) .
Maize streak virus (MSV) is the type member of subgroup I and is known to occur only in Africa and neighbouring Indian Ocean territories (Lazarowitz, 1987 (Lazarowitz, , 1988 Goodman, 1981) : Isolates of MSV from Kenya, Nigeria and South Africa have been sequenced (MSV-K, Howell, 1984; MSV-N, Mullineaux et al., 1984; MSV-S, Lazarowitz, 1988) . Other distinct members of subgroup I which infect grasses and which are not known to occur in Africa are miscanthus streak virus (Ikegami et al., 1989) , wheat dwarf virus (WDV; MacDowell et al., 1985) , digitaria streak virus (DSV; Donson et al., 1987) and chloris striate mosaic virus (CSMV; Andersen et al., 1988) , the last three of which have been completely sequenced. The sequenced subgroup I viruses infecting grasses share a minimum of 45 ~ nucleotide sequence similarity, although DSV and MSV-N share about 62 ~ (Donson et al., 1987; Andersen et al., 1988; E. P. Rybicki, personal observations). The genomes of sequenced MSV isolates differ by no more than 2~, despite their geographically widely separated collection sites (Lazarowitz, 1988) . However, detailed restriction maps of three MSV maize isolates from southern Africa have indicated sequence divergences of 10~o or more Kirby et al., 1989) and recent serological and biological characterizations of African MSV-type viruses have also indicated a wide genomic diversity Pinner et al., 1988) . Our recent investigations of non-maize isolates of southern African streak geminiviruses indicate the existence of a wide range of genomic diversity, often to the point where cloned genomes do not cross-hybridize in Southern blots. This diversity has led to problems with 0000-9661 O 1990 SGM the detection and identification of geminate streak viruses in experimental samples Hughes et al., 1990 and unpublished data) . This paper reports the investigation of the suitability of the polymerase chain reaction (PCR) (Saiki et al., 1988) using degenerate oligonucleotide primers for detection and typing of isolates of MSV and other distantly related geminiviruses infecting grasses and cereals in southern Africa. We also report the taxonomic identification of a new and distinct subgroup I geminivirus.
Methods
Sequence-handling software. All sequence searches, matches and comparisons were performed on genomic sequences obtained from the GenBank database or entered by hand using GenePro software (Riverside Scientific) on an IBM XT-compatible 640K microcomputer, or the UWGCG package (Devereux et al., 1984) on a DEC 6000-330 VAX mainframe. The GCG programs GAP, LINEUP and DISTANCES were used for sequence alignments, aligned sequence presentation and calculation of pairwise sequence similarities respectively. The terminology of Boulton et al. (1989) was used for open reading frames (ORFs) (see Fig. 1 ).
Phylogenetic analyses. Pairwise sequence similarities were generated from aligned nucleotide sequences using DISTANCES, convened to distance data and analysed by the program FITCH in PHYLIP (phylogeny inference package) version 3.1 (J. Felsenstein, Department of Genetics, University of Seattle, Ore., U.S.A.). This program carries out the Fitch-Margoliash method for the construction of phylogenies (Fitch & Margoliash, 1967; Felsenstein, 1984) and has previously been used for the determination of geminivirus phylogenies (Howarth & Vandemark, 1989) . It produces unrooted trees and does not assume the existence of a molecular clock.
Viruses and viral DNA. A list of viruses used, and their designations and origins, is shown in Table h Total DNA extractions from infected plants and replicative form DNA purifications were performed as described elsewhere Hughes et al., 1990) .
Oligonucleotide primers. Primers were purchased from Beckman Instruments. Sequence comparisons of the genomes of all the grassinfecting geminiviruses indicated that the most similar blocks of sequence occurred in the region corresponding to the C20RF (see Fig.  1 and Andersen et al., 1988) in a region about 250 bp long. Accordingly, the longest possible oligonucleotide sequences, containing the fewest differences, that bounded this area were chosen as primers. These were synthesized as degenerate 17-mer oligonucleotides, as shown in Fig. 1 , with all four possible bases being used at each degenerate position (five in primer F and four in primer R).
Polymerase chain reaction. Thermostable Taq polymerase, nucleotides and buffer were all included in the GeneAmp kit from Perkin Elmer-Cetus. Reaction mixes were made up according to the GeneAmp kit instructions, except for the optional addition of DMSO to a final concentration of 10~ (v/v). Mixes were made up lacking DNA, with reagents added in the order: water, 10 x buffer, primers, DMSO, nucleotides and enzyme. Sample DNA was typically diluted 1/5 in 8 pl water. The final reaction volume was 50 ~tl and all reaction mixes were covered with 50 txl of liquid paraffin or mineral oil to prevent evaporation. (Lazarowitz et al., 1989) ; V1 and V2 indicate rightward (genome-sense) ORFs (V2, capsid gene); C1 and C2 indicate leftward (anti-genome-sense) ORFs (C2 is equivalent to the 17K 'gene' of MSV) (Boulton et al., 1989) . Small arrows in ( . Both heating and cooling rates were about 2 °C/s. Temperature was monitored by a thermocouple probe in a reaction vial. Thermal cycling started with 2 min at 94 °C for initial denaturation, followed by 25 to 40 cycles of 1 min at 93 to 94 °C, 1.5 to 2.0 min at 38 to 45 °C and 1.5 to 3.0 min at 72 °C. For routine detection of amplified DNA, samples were mixed 1:1 with Tris-borate-EDTA (TBE)/10~ sucrose/0.025~ bromophenol blue (Maniatis et al., 1982) and 201al samples electrophoresed in 2~ agarose gels in TBE containing 50 ng/ml ethidium bromide. Gels were photographed with 1 to 5 s exposures on a 254 nm u.v. transilluminator. Size markers were the DNA marker set VI from Boehringer-Mannheim (154 to 2176 bp).
Southern blotting. Gels were capillary blotted onto Hybond-N+ membrane. This was done either unidirectionally without pretreatment, using 0.4 M-NaOH as transfer buffer (as described by the manufacturer, Amersham), or bidirectionaUy after soaking in two changes of 0.4 M-NaOH for 20 min. Probe DNAs were iabeiled with digoxygenin, and digoxygenin-labelled hybrids were detected exactly as described in the Boehringer-Mannheim non-radioactive DNA labelling and detection kit manual. Hybridizations were done at 65 °C for 16h and blots were washed twice for 5min each at room temperature in 2 × SSC/0-1% (w/v) SDS and twice for 15 min each at 65 °C in 0.1 x SSC/0.1• SDS.
Cloning and sequencing of a PCR fragment. The PCR-amplified fragment from streak-diseased Mauritian sugarcane was blunt-end ligated without purification into the Sinai-cut plasmid vector pSK (Stratagene) and cloned in Escherichia coli by standard techniques (Maniatis et al., 1982) . One clone, containing a single full-length insert, was size-selected by plasmid linearization, grown up under ampicillin selection and plasmid DNA was purified by the caesium chlorideethidium bromide method of Ish-Horowicz & Burke (1981) . This was subjected to bidirectional Sanger dideoxynucleotide plasmid sequencing using the Sequenase kit and protocols (US Biochemicals) with 35S-labelled dATP (Amersham).
Results

Testing of primers and sensitivity and specificity of the amplification reaction
Initial experiments with the primers indicated that the best results were obtained with a denaturation/annealing/ elongation cycle of 94 °C, 1 rain/42 °C, 2 min/72 °C, 2 min. Higher annealing temperatures reduced detection sensitivity and the range of positives detected (not shown). The primers were tested with 10-fold serial dilutions of a total DNA extract from a plant infected with MSV-RSE and a dilution series of the CsCl-purified plasmid-cloned MSV-CT isolate (pBC100) (see Table 1 ). These dilution series were tested in parallel with serially diluted GeneAmp control DNA. A single ethidiumstaining product of 500 bp could be amplified in tests with the control primers and DNA at an input DNA concentration of 10 fg/50 gl reaction (not shown). The C2 gene primer pair produced clear ethidium-staining bands of the expected size (approx. 250 bp) in agarose gels from as little as 2.3 fg/reaction of input pBC100 DNA (2 ~1 of 10 -9 dilution/50~tl) and from a 10 -9 "dilution of the MSV-RSE sample (see Fig. 2 ). The former result corresponds to a detection sensitivity of 0.5 fg MSV-specific input DNA/gel lane, or 50 fg/ml MSV DNA sample (equivalent to 6 × 10 -14 mol/ml of viral DNA). Bands of higher Mr were also produced with MSV and other samples, but these did not hybridize with MSV probes (see below) and were probably products of non-specific priming. No bands were produced with C2 primers and the GeneAmp kit control DNA (see Fig. 2 ) and no band of about 250 bp was produced with primers and extracts of uninfected maize, or in samples containing primers and no template DNA. Addition of DMSO adversely affected sensitivity of detection: the same experiment as shown in Fig. 2 was performed with 10% (v/v) DMSO and the endpoint occurred at a 10-fold higher concentration for both sets of MSV-related samples (not shown). (a) 1 2 3 4 5 6 7 8 9 10 11 Fig. 2 . Testing of the sensitivity and specificity of amplifications with degenerate primers using CsCl-purified plasmid cloned MSV DNA and total genomic DNA isolated from an infected plant. Reaction mix sample (10 ~tl) that had been subjected to 35 cycles of PCR was mixed with 10 ~tl of gel loading buffer for all gel lanes. Lanes 1 to 4, PCR reaction mixes containing 2~tl of input 10 -6 to 10 -9 dilutions of pBCI00 DNA. Starting DNA concentration, 0.5 ~tg viral DNA/~tl. Lane 5, PCR of 2 ~tl of 10 -1 dilution of GeneAmp control DNA with the degenerate primers. Lanes 6 to 9, reaction mixes containing 2 ~tl samples of 10 -6 to 10 -9 dilutions of total DNA extract from MSV-RSEinfected maize. Lane 10, blank PCR reaction containing no input DNA. Arrow indicates 250 bp.
Group specificity of the primers
The system was tested with a range of samples representing the entire k n o w n spectrum of southern African cereal and grass geminiviruses, as has been collected by this laboratory (Table 2 ; Fig. 3 and 4 ). E a c h sample was amplified at least twice for the results listed in Table 2 . Some sample D N A s required at least 10-fold dilution for successful amplification; this was accordingly done in the case of every negative result. It was necessary to include D M S O to 1 0~ (v/v) to detect the widest possible range of viruses (Fig. 3) . All suspected geminivirus samples tested amplified positively.
Hybridization of reaction products with MS V and SSV-N DNA probes
The hybridization of a cloned MSV probe with a range of P C R products is shown in Fig. 3 . It is clear that a p p a r e n t l y equal-intensity ethidium-staining bands hybridized to different extents with the MSV probe: the M S V -R S E reaction was the most intense, followed in decreasing order by PSV, DSV, SSV-M and SSV-N. In further experiments, similar blots were probed with both cloned MSV and SSV-Natal probes (Hughes et al., 1990);  results are s u m m a r i z e d in Table 2 . The homologous hybridizations were the strongest in both cases, with cross-hybridization ranging from w e a k to non-existent. It appears that the two sugarcane isolates are related, but distinct from all other viruses; that PSV is more closely related to MSV than to the SSVs but is still non-identical; and that the maize and wheat MSV isolates are all closely related to one another.
Sequencing of a PCR fragment
The D N A amplified from the M a u r i t i a n SSV isolate was selected for sequencing because it cross-hybridized only weakly with an MSV genomic probe (Table 2 , Fig. 3 ) and, although it cross-hybridized with a genomic SSV-N probe (Table 2) , the reaction was not a strong one (F. L. Hughes, unpublished results). As SSV-N has recently been characterized as a distinct geminivirus and completely sequenced (Hughes et al., 1990 and unpublished;  G e n B a n k accession n u m b e r M33829), it was of interest to determine how closely related these two sugarcane viruses are. The f r a g m e n t was sequenced in both Fig. 3 ).
t Hybridization with digoxygenin-labelled pSWl00, a clone in pEcoR251 containing MSV-SW total genomic DNA.
:~ Hybridization with digoxygenin-labelled pSSV 100, a clone in pUC 18 containing SSV-N total genomic DNA.
§ Reaction/hybridization intensities assessed visually from gels and blots. + + +, Strong; + +, medium; +, weak; +, very weak; -, negative; NT, not tested. Rybicki et al. (1989) and Hughes et al. (1990) . M  100  81  74  72  71  72  64  55  SSV-N  94  100  73  70  70  71  62  57  DSV  88  93  100  76  76  76  63  61  MSV-K  92  90  87  100  98  98  63  60  MSV-N  93  92  88  99  100  99  63  61  MSV-S  93  92  88  99  100  100  63  60  CSMV  75  79  76  74  75  75  100  60  WDV  72  76  76  72  73  73  78  100 * Numbers above and to the right of the diagonal of identity are percentage direct nucleotide similarities, rounded off to the nearest whole number; numbers below and to the left of the diagonal are percentage predicted amino acid sequence similarities. All values were calculated by the GCG program DISTANCES from multiple alignments of sequences performed using LINEUP. directions with complete overlaps over the entire length. The sequence is shown aligned with those of the sequenced geminiviruses of grasses in Fig. 4(a) in an antigenomic sense; the translation product of the single long ORF (most of the C2 gene; see Fig. 1 ) found in each sequence is shown in Fig. 4(b) . A percent nucleotide and amino acid sequence similarity matrix is presented in Table 3 . The nucleotide sequence was clearly related to, but distinct from, those of other viruses; the closest relationship appeared to be with SSV-N. The conservation of the protein sequence encoded by this genome fragment is evident from Fig. 4 and Table 3 . GGACGCAGTC TACAACGTCA  GGACGCAGAA TACAACATCA  GGAAGCCCAG TTCAATGTCA  ACACGCAATC TACAACATCG  AGACGCAATC TATAACATCG  AGACGCAATC TACAACATCG  CCAGGCCCAG TTCAACATCA  CAACGCCAAG TATAATATCA   TTGACGACAT CCCCTTCAAG TTCTGTCCTT GCTGGAAGCA ACTGATTGGT  TCGACGACAT ACCCTTCAAG TACTGTCCAT GCTGGAAGCA ACTGATTGGC  TTGATGACAT ACCATTCAAG TTCTGTCCTT GTTGGAAACA GTTGATTGGT  TAGATGATAT TCCGTTTAAA TTCTGTCCTT GTTGGAAACA GTTAGTTGGC  TAGATGATAT TCCGTTTAAA TTCTGTCCTT GTTGGAAACA GTTAGTTGGC  TAGATGATAT TCCGTTTAAA TTCTGTCCTT GTTGGAAACA 
II Similar to results obtained by
Phylogenetic analysis of Mauritian sugarcane virus PCR fragment
The DNA similarity data from Table 3 were converted to distances by subtraction of each value from 100 and the resulting matrix was analysed using FITCH. The unrooted tree is shown in Fig. 5 . Analysis of the same data set with the species in different orders gave the same result, as did use of the J(umble) option and several different random number seeds (Felsenstein, 1984; Howarth & Vandemark, 1989 ).
Discussion
We have demonstrated the use of the PCR with degenerate oligonucleotide primers for the amplification of a short sequence of genomic DNA from a variety of subgroup I geminiviruses. The amplification was specific for viral DNA and extremely sensitive: the endpoint dilution shown in Fig. 1 . Unrooted phylogenetic tree calculated from pairwise sequence distance data for C20RF PCR fragments. Shortest tree (i.e. the one with smallest sum of squares) calculated using FITCH from nucleic acid percentage sequence difference matrix derived from data in Table  3 by subtraction of each value from 100. Vertical distances are arbitrary; horizontal branch lengths are proportional to mutational distances (shown above each branch expressed as percentage divergence from node). Sum of squares was 0.033; average standard deviation of branch length was 2.5~; the program examined 126 trees.
about 62~ total DNA sequence similarity with MSV isolates (Donson et al., 1987) and SSV-N shares 60~ and 61 ~ sequence similarity with DSV and MSV-N respectively (F. L. Hughes, E. P. Rybicki & R. Kirby, unpublished results) ; therefore the other non-crosshybridizing viruses must be at least as distantly related to MSV and DSV as they are to each other for the pattern of hybridization seen in Fig. 3 and Table 2 to be produced. Thus, the PCR was shown to be a good method for the detection of a wide group of viruses which are only relatively distantly related'in terms of DNA sequence. This is not surprising because the primers are theoretically capable of priming WDV and CSMV, which respectively share only about 46~ and 50~ sequence similarity with MSV isolates (MacDowell et al., 1985; Andersen et al., 1988) . Although Schalk et al. (1989) have used the PCR to amplify DNA from cDNA to show splicing of WDV mRNA in the C2 gene region, the technique has not previously been used for geminivirus detection.
The sequencing of the SSV-M isolate PCR fragment and its subsequent comparison with other sequences (Fig. 4, Table 3 ) showed that this virus is at least as distantly related to maize isolates of MSV and to DSV as these are to each other. SSV-M is more closely, but still distantly, related to SSV-N. The sequence was essentially identical to that of the analogous region of a randomly selected whole genomic clone of SSV-M (F. L. Hughes, S. Dennis and E. P. Rybicki, unpublished results), indicating that the amplified fragment originates from SSV-M and not a contaminant geminivirus. The phylogenetic analysis (see Fig. 5 ) indicated that although SSV-M could be grouped with SSV-N, it was very nearly as distantly related evolutionarily to this as to DSV or the MSVs; these viruses are in turn distinct from the even less closely related CSMV and WDV. This tree differs from one previously derived for these viruses from restriction endonuclease cleavage maps (Hughes et al., 1990) in the relative positioning of CSMV and SSV-N. However, the restriction map technique is known not to be very reliable for sequences differing by more than 20 ~ (Gibbs & Fenner, 1984; Kirby et al., 1989) . The phylogenetic analysis was repeated using the NJTREE version 2.0 neighbour-joining program of Saitou & Nei (1987) ; this yielded a topologically identical tree with very similar branch lengths rooted on WDV (not shown). The phylogeny presented here is very similar to that derived by Howarth & Vandemark (1989) , also using FITCH, from replication-associated protein sequence distance data; this is not surprising, as the C2 ORF DNA sequence we use encodes the most conserved region of the replication-associated protein(s) (Andersen et al., 1988; see Fig. 4) . Our approach has the advantage that only a short DNA sequence is required for essentially the same result, which is an indication of the potential utility of sequencing of PCR products as an aid to virus classification.
The taxonomic implications of this analysis are that SSV-M should perhaps, like SSV-N (Hughes et al., 1990) , be considered a distinct subgroup I geminivirus and part of a loose 'streak virus cluster' consisting of MSV, DSV, the SSVs and perhaps also PSV. The justification for classifying SSV-M as a distinct virus is that it differs as much in the sequence of this strongly conserved genomic region from SSV-N as do any of the distinct subgroup II geminiviruses (Lazarowitz, 1987; Howarth & Vandemark, 1989) . For example, the subgroup II geminiviruses bean golden and tomato golden mosaic viruses share 79~ direct DNA similarity and 87~ direct protein similarity in the same region of the genome (E. P. Rybicki, personal observation).
The implications of these results for plant virology in general are rather encouraging. Although most plant viruses of any economic importance have ssRNA genomes, the PCR may be used after a single cDNA generation step from RNA, as has been shown for viroids (Puchta et al., 1989) . In particular, the use of degenerate primers for the amplification of relatively distantly related sequences may find good application in the detection of a wide range of plant virus strains and isolates. For example, the putative polymerase-associated genes are well conserved in sequence within a virus group or even supergroup (Goldbach, 1987) .
The main lesson from this study is that the PCR may be used for the amplification and detection of sequences from viral genomic segments that do not even cross-hybridize under normal detection conditions. The DNA fragments so generated may be typed by subsequent hybridization analysis or sequencing, as performed here and by Puchta & S/inger (1989) , or by restriction enzyme cleavage, as has been done for distinguishing products of rhinovirus PCR amplification (Gama et al., 1989) . The latter two techniques in particular give rise to data which can be used directly for classification purposes.
